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Transmission electron micrograph images, made at high magniﬁcation, of electrospun nanoﬁbers of
polyvinylidene ﬂuoride showed rows of dark dots, separated by about 0.24 nm, along segments of
molecules. The thin ﬁbers supported themselves across tiny holes, so there was no support material in
the ﬁeld of view. The dots were seen because the electron density of the CF2 groups is three times that of
the intervening CH2 groups. The polymer nanoﬁbers contained crystals with the polymer chains aligned
predominately along the axis of the ﬁber. A signiﬁcant degree of long-range translational symmetry,
associated with the planar zigzag of backbone carbon atoms and the average lateral separation of the
molecules, was maintained as the radiation gradually modiﬁed the polymer molecules. These high
magniﬁcation images showed surprising persistence of the chain-like morphology and segmental mo-
tion. Primary radiation damage events were dominant. Many more numerous and damaging secondary
radiation events that are encountered in thicker samples, or in support ﬁlms were almost completely
avoided, since the only nearby material where secondary radiation could be generated was in the very
thin ﬁber. The nanoﬁbers contained from 50 to a few hundred molecules in a typical cross section.
Irradiation severed the molecules at slow rates until only two or three molecules remained in the ﬁber,
and ﬁnally the ﬁber broke. Evidence was noted that irradiation with electrons also caused loss of ﬂuorine
atoms, cross-linking, and chain scission. The entire observed segments of the nanoﬁbers were small
enough for detailed comparison of images with calculated molecular models.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction conformation [1]. The lattice parameters for an orthorhombic unitPolyvinylidene ﬂuoride (PVDF) is a commercially important
polymer with many uses. The beta crystallographic form is known
to be piezoelectric. Very thin ﬁbers, in the beta crystal form, suit-
able for high-resolution, bright ﬁeld, transmission electron micro-
scopy, were produced by electrospinning. The modiﬁcations of the
polymer molecules, caused by electron radiation, were predomi-
nately a consequence of only the primary radiation event between a
300 keV electron and a bound electron in the sample. The gener-
ation of secondary electrons or other secondary radiation that
could interact with the nanoﬁber was rare in these very thin, self-
supported nanoﬁbers.
Lando, Olf, and Peterlin described the crystal structure of the
beta form in which the PVDF molecules had a planar zigzagr).
reek Dr., Hillsboro, OR 97124,
-NC-ND license.cell with two slightly disordered planar zigzag chains per unit cell,
were reﬁned by Hasegawa, Takahashi, Chatani, and Tadokoro [2],
(a ¼ 0.858 nm, b ¼ 0.491 nm, and c ¼ 0.256 nm). Lovinger [3]
described molecular and morphological structures that inﬂuence
the piezoelectric properties of polymers. Poulsen and Ducharme [4]
addressed the question of why ferroelectric polyvinylidene is spe-
cial, among other polymers that might be piezoelectric. Carbeck
and Rutledge reviewed the material behavior of PVDF from the
viewpoint of molecular modeling [5]. Lund and Hagstrom
described preparation routes that lead to beta form crystalline ﬁ-
bers of PVDF that have 80% crystallinity [6].
Electron microscope observations of atomic scale structures in
organic or biological materials were limited by the low contrast of
organic molecular materials, which led to the use of replicas made
of evaporated metals that preserved the shape even after radiation
damage accumulated. Changes in the translational symmetry of
crystals, and changes in chemical bonds, caused by the electron
beam [7e12], were evaluated in various ways. Radiation resistant
replicas were used to observe morphological features. Electron
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noise electronic image acquisition, overcome many such
limitations.
New sample preparation procedures, including polymer nano-
ﬁbers that support themselves across holes in carbon and polymer
membranes, or the use of thin graphene layers or single wall
nanotubes for support, allowed the observation of atomic scale
details of polymer molecules and other molecules. Thicker layers of
materials customarily used for mechanical support or for “shad-
owing” to increase the contrast in images in many earlier obser-
vations of polymers, also increased the radiation damage to the
molecules, from secondary radiation events that occurred in the
supporting or shadowing material. Recent papers by Egerton [13e
15] emphasize that the radiation damage from one primary elec-
tron in a particular 1 nm ﬁeld of view is often increased dramati-
cally by secondary radiation events that occurred in parts of the
sample or support structure that are within a few tens of
nanometers.
Thin, self-supported nanoﬁbers eliminate almost all effects of
secondary radiation since secondary events usually occur far
enough from the primary events to be outside the nanoﬁber. With
secondary electron damage minimized, more of the primary elec-
trons needed to create a good image can interact with the mole-
cules before radiation induced changes become overwhelming.
Comparison of the rate of loss of diffraction intensity in thin self-
supported nanoﬁbers with that occurring in ﬁbers thick enough
to encompass secondary events, can provide new quantitative data
about the separate contributions of primary and secondary radia-
tion to changes in the material being observed.
An early observation of isotactic polystyrene single molecule
crystals [16] supported by very thin substrates, after a radiation
dose of 700 C/cm2, produced signiﬁcant morphological information
before the crystals were destroyed. Only a few damaging secondary
electrons were generated, in the thin sample or the thin support
ﬁlm, and many of those escaped without causing much morpho-
logical change. A thin, self supported ﬁlm of polyethylene, drawn to
a high elongation, was irradiated to a dose of about 300 C/cm2
without diminishing the intensity of the electron diffraction spots
associated with a spacing of 0.25 nm, which is the length of the unit
cell in the direction of the polyethylene chain [17].
Imaging of individual organic molecules was demonstratedwith
the recently introduced [18] advanced aberration-corrected elec-
tronmicroscopes [19e22]. Images of individual molecules attached
to single walled carbon nanotubes were made [19]. Carbohydrate
related molecules containing iodine atoms were covalently
attached to single-wall nanotubes and imaged with a scanning
transmission electron microscope [19]. Individual iodine atoms
were seen as dark dots at well-deﬁned separation distances known
from the chemical structure of the molecules. Single organic mol-
ecules and functional groups were observed while conﬁned inside
carbon nanotubes [20,21]. Single dialkylcarborane molecules, and
alkyl fullerene molecules with the alkyl chain sometimes pro-
truding, were observed to move inside a carbon nanotube [20]. A
transmission electron microscope with a post-specimen aberration
corrector was used [21] to observe both translational motion and
conformational changes [21] in video micrographs of individual
retinal chromophore molecules attached to C60 fullerene molecules
or conﬁned in carbon nanotubes. Polymer molecules associated
with citrate capped gold nanoparticles supported on a graphene
sheet were observed with an aberration corrected microscope [22].
Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.polymer.2013.03.056.
This paper compares high magniﬁcation transmission electron
micrographs of nanoﬁbers of PVDF with a perfect crystal of PVDF as
deﬁned by X-ray diffraction data. The changes in morphologyproduced by increasing radiation doses were followed as the
nanoﬁbers thinned and ﬁnally broke. The average spacing between
adjacent sheets of molecules and the spacing between CH2 groups
along the molecules were observed. The translational symmetry of
irradiated crystalline PVDF ﬁbers that accounts for X-ray or electron
diffraction spots is known to disappear at radiation doses much
smaller than those used here to make high magniﬁcation images.
Chain-like molecular behavior was observed, even as the last few
polymer chains in a ﬁber broke.
The new information presented here resulted from the suc-
cessful imaging of durable molecular structures at high magniﬁ-
cation with radiation doses several orders of magnitude greater
than doses that cause the intensity of diffraction spots to become
unobservable. Future experiments of the sort described in this
paper, on many kinds of important polymer and molecular struc-
tures, lead toward the production of stereographic images in which
the relative positions of many parts of a molecule are observed.
2. Morphology of a single crystal PVDF nanoﬁber
A ﬁber composed of one perfect crystal of PVDF provides a
useful reference model for description and analysis of the actual
morphology observed by high-resolution electron microscopy. A
molecular scale diagram of a segment of a nanoﬁber with a nearly
circular cross section that contains one perfect crystal is shown, in a
perspective view, in Fig. 1.
The crystallographic arrangement of molecules in a beta phase
crystal is known from X-ray diffraction measurements. The ortho-
rhombic unit cell has lattice parameters a ¼ 0.858 nm,
b ¼ 0.491 nm, and c ¼ 0.256 nm. All the molecules shown extend
for the full length of the diagram and most extend far beyond the
ﬁber segment shown. Electrospun crystalline ﬁber segments were
shown by electron diffraction [23], to have their molecular chain
axes nearly, but not perfectly, oriented along the ﬁber axis.
The panel of Fig. 1 labeled PVDF Nanoﬁber shows an overall
view of a ﬁber segment. A transparent yellow rectangular box
surrounded each of a selected set of molecular planes. Each mole-
cule is in the planar zigzag conformation of a beta crystal of PVDF.
The boxes and planes of molecules extend throughout the length of
a crystal, which could be very long, although for clarity only a short
length is shown.
The yellow boxes in Fig. 1 are aligned with, and change with the
view direction of the electron microscope, as shown by the
downward pointing arrow. If the crystal segment were rotated
azimuthally, around its axis, different sets of planes with different
interplanar distances would appear in yellow boxes. Those boxes
would have different thicknesses, which depended on the changed
interplanar distance. All the boxes in Fig. 1 are identical except for
the height needed to conform to the nearly circular cross section.
The molecules in a particular box are displaced axially by c/2 and
laterally by b/2, with respect to the molecules in an adjacent box.
At the bottom of this panel, the side view, looking along the a-
axis, at the planes deﬁned by the b-axis and the c-axis, shows stacks
of two molecules. These stacked CF2 groups are viewed along their
column axes by the electron microscope. CF2 groups are nearer to
the top of the diagram than the hydrogen atoms. This stacking or-
der occurs in all the yellow boxes and determines the electrical
polarity of the crystal. The uppermost ﬂuorine atoms, in each of the
planes deﬁned by a rectangular yellow box, are at the tops of rows
of columns of CF2 groups. Each pair of green dots at the top of a
column is slightly enlarged. The rows of green dots (and their col-
umns) extend right and left toward the ends of the ﬁber segment.
The Cross Section panel shows the left end of the PVDF nano-
ﬁber, looking along the ﬁber axis at an ab plane. Themolecules with
larger green dots are at the top edge of a thin yellow box that
Fig. 1. Diagrams of PVDF molecules in a beta crystal. This perspective drawing shows relationships between the orthorhombic crystallographic unit cell and the crystalline
nanoﬁber. A downward pointing arrow indicates the view direction of the electron microscope. A short white line attached to the circular perimeter line indicates the polarization
direction of the PVDF crystal. The PVDF nanoﬁber segment shown is 6.75 nm long and 5.2 nm in diameter. The diagram contains about 100 molecules in the planar zigzag
conformation. Some parts of molecules are omitted to reveal the geometrical relationships of the crystallographic and morphological features. The outer surface of the ﬁber consists
of about 25 molecules and contains about one quarter of the mass per unit length of the ﬁber segment. The black areas are from a blackened part of an ac plane, inserted to
emphasize the partly transparent yellow boxes, but not shown elsewhere.
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boxes are shown with heights needed to create the circular cross
section, but the end view of the molecules are shown in only one
quadrant and in the enlarged view at the bottom of the panel. The
highest stacks in this diagram contained ten molecules, only ﬁve of
which are shown in detail.
The Top View panel shows the plane deﬁned by the a-axis and
the c-axis of the crystallographic diagram. This is the view seen by
the electron microscope. The rows of pairs of green dots are at the
top of columns of CF2 groups. These rows of double green dots
correspond to the rows of dark dots in the electron micrographs
shown in this paper, as shown in the graphic abstract of this pa-
per. The good ﬁt, both along the chain axis and between adjacentchains, is apparent in a higher magniﬁcation picture shown
below.
The cross sectionviewand the side viewof theunit cell showthat
all the ﬂuorine atoms in a perfect crystal are in columns. The axis of
each column is along the b axis of the crystal. The carbon and
hydrogen atoms are similarly aligned, but in different columns. The
contrast between the relatively electron dense columns of CF2
groups (24 electrons per group), in comparison with the much
smaller electron density in the regularly interspersed columns of
CH2 groups (8 electrons per group), accounts for the rows of sepa-
rated dark dots seen in the high magniﬁcation images that follow.
The angle, in a plane perpendicular to the ﬁber axis, between the
electrical polarization direction of the ﬁber and the view direction
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azimuthal angle is zero in this diagram. If a crystalline ﬁber landed
on the sample grid with a different azimuthal angle, a different set
of planes with a different interplanar spacing would be viewed.
Also, if a cross section of a ﬁber contains two or more crystals with
different azimuthal orientations, different spacings would be
observed in an electron micrograph image. The possibility that a
ﬁber contained small, side by side crystals with different electrical
polarization directions was described [24]. Real crystals in an
electrospun PVDF nanoﬁber can accommodate folds, chain ends,
trapped entanglements, twist, interfaces, chemical imperfections in
the chain, regions with different crystal structures, and regions
formed with even more complicated morphology.
3. Experimental
The molecular mass of the polyvinylidene ﬂuoride molecules in
the nanoﬁbers was 350,000 g/mol. The CH2-CF2 repeat units had a
molecular weight of 64 g/mole. An average molecule contained
about 5500 repeat units, each of which was 0.24 nm long. The
length of a typical molecule was 1375 nm. The high-resolution
images in this paper spanned distances up to about 100 nm. The
probability for ﬁnding the end of an extended molecule in such a
short segment of a ﬁber was small. Molecular folds and other
conformations that departed, with the cooperation of their neigh-
bors, from the planar zigzag translational symmetry of the beta
crystal, were more likely to occur.
Electrospinning [25e28] provided a convenient way to prepare
the polyvinylidene ﬂuoride (PVDF) nanoﬁbers used in this work.
PVDF was dissolved in dimethyl sulfoxide at a concentration of 1%
polyvinylideneﬂuoride byweight. A small amount of triﬂuoroacetic
acid (3% by weight) was added to the solution to increase the elec-
trical conductivity and avoid the formation of beaded nanoﬁbers.
Flakes of graphenewere added and their lattice imageswere used to
conﬁrm the resolution and magniﬁcation of the microscope.
The polyvinylidene ﬂuoride solution in a glass pipette was
connected to a high voltage power supply. A ﬂat metal collector was
placed 20 cm below the tip of the glass pipette. The applied po-
tential differences between the tip and the collector ranged from 7
to 15 kV. Fibers were collected on a holey ﬁlm, made by evaporating
carbon onto a thin polymer ﬁlm that had many tiny holes. The
azimuthal angle between the view direction and the polarization
direction was determined by chance at the moment nanoﬁber
landed on the holey ﬁlm. The holey ﬁlm was supported on a 400
mesh copper grid. The as-spun polyvinylidene ﬂuoride nanoﬁbers
were dried at 60 C in a vacuum to remove any volatile substances.
The transmission electron microscopy was performed with a
Hitachi HF3300 microscope with a 0.10 nm information limit and a
0.19 nm point-to-point resolution. The accelerating voltage was
300 kV. Optimized defocusing procedures, described in
Supplement 1, were used to deal with the spherical aberration of
the conventional electron microscope objective lenses. Defocusing,
in the presence of spherical aberration, sharpened the image of
objects with a particular size, such as the electron dense CF2 groups,
at the cost of blurring other objects with smaller sizes.
The microscope was equipped with a Gatan Quantum 963 EELS/
GIF spectrometer. Energy lossspectrawereobtained fromanarea that
contained several thick PVDF ﬁbers. The presence of a K-edge energy
loss peak for ﬂuorine showed that some of the ﬂuorine remained in
the nanoﬁbers after a very large radiation dose. See Supplement 2.
Electron beam dose rates at the sample were approximately 1 A/
cm2 for transmission electron microscopic imaging and about 10 A/
cm2 for electron energy loss spectroscopy. The electron dose for a
typical energy loss spectroscopy experiment was as much as 50
times higher than for a typical image.A Dycor Quadrupole Gas Analyzer attached to the Hitachi
HF3300 microscope detected the presence of ﬂuorine atoms in the
vacuum space of the microscope. The concentration of ﬂuorine gas
was initially small and increased during the intense radiation
needed for the energy loss measurements. A background concen-
tration of carbonaceous molecules was also present.
The incident electron dose rate was assumed to be proportional
to the average signal recorded in all pixels of the camera viewing a
uniformly illuminated screen. The proportionality constant was
determined by calibrating the camera signal amplitude with the
average current, measured with a sensitive ammeter connected
between the ﬂuorescent screen and the electrical ground. This
calibration and related procedures were checked. The accuracy of
the determination of the amount of charge per unit area per second
passing through the sample was not affected by factors such as
adjustment of the area of the electron beam at the sample or the
magniﬁcation. The typical exposure time used to record a high-
resolution image was a few seconds. The dose for a typical image
was around one or two Coulombs per cm2. This dose is several
orders of magnitude larger than the dose at which the intensity of
diffraction spots became unobservably low [29]. Yet, many useful
high-resolution images were obtained before obfuscating
morphological changes, also caused by electron interactions with
the molecular bonds, accumulated.4. Irradiation induced thinning of ﬁbers and spindle
formation
PVDF nanoﬁbers that supported themselves over holes about
one micron in diameter, were imaged, at high magniﬁcation in
vacuum, against an empty background. In Fig. 2, a self-supported
segment and a segment of the same ﬁber, lying directly on the
holey ﬁlm are shown.
During exposure to a dose of 330 C/cm2, the self-supported
segment became thinner and a spindle with a larger diameter
formed at the edge of the intensely radiated area. The part of the
same ﬁber that was lying on the holey ﬁlm suffered complicated
changes in its morphology, as did the supporting ﬁlm. This obser-
vation is consistent with the hypothesis [13] that secondary radi-
ation from events in the supporting ﬁlm increased the radiation
damage in the nanoﬁber beyond that caused by primary events.
During irradiation, an electron from the beam occasionally
broke a backbone bond and severed a molecule. Segments near the
broken ends of the molecule retracted and became a part of a
spindle such as is shown in Fig. 2, or a part of the attachment to the
edge of the hole. Spindles were observed at both ends of the irra-
diated parts of a ﬁber when the irradiated part did not include the
attachment area. The volume of this spindle, estimated by
assuming that the cross sections of the spindle were circular and
that some of the severed segments accumulated on the support,
accounted for the volume removed from the self-supported part of
the ﬁber shown in Fig. 2. The attachment of the ﬁber to the edge of
the supporting ﬁlm was quite strong. When a piece of the holey
carbon support ﬁlm broke away during prolonged irradiation, the
break occurred in the support ﬁlm and not in the ﬁber. The
conformational mobility of a PVDF molecule during retraction also
provided opportunities for reactive bonds created by the electron
irradiation to form cross links and molecular networks.5. Thinning and breaking of a polymer nanoﬁber during
electron beam irradiation
The ability of the self-supported nanoﬁbers to survive very high
doses of electrons permitted observations of the ﬁber morphology,
Fig. 2. (a) A polyvinylidene ﬂuoride nanoﬁber supported itself over an opening in a holey carbon ﬁlm. A low electron dose rate was used to locate this area, which included a faintly
visible extension of the self supported ﬁber and other ﬁbers lying on the carbon ﬁlm. The initial diameter of the self-supported ﬁber was uniform. The electron beam was centered
near the left side of the hole and the dose rate was increased to 0.69 A/cm2. (b) The area in the yellow circle in the enlarged image (b) was exposed, during about 8 min, to a total
dose of 330 C/cm2. A thickened, spindle shaped lump formed on the nanoﬁber, near the right boundary of the irradiated area. The spindle grew larger during irradiation, while the
diameter of the irradiated part of the ﬁber became thinner. Note the complicated morphological changes in the irradiated part of the support ﬁlm.
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eventual breaking. A typical example is shown in Fig. 3.
The irregular shape of the ﬁber on both sides of the break point,
and the complicated loops in the last few chains provide evidence
of cross links created by chemical changes induced by the electron
beam.
Since the ﬁber supported itself in a vacuum, the irregular dark
spots in the area surrounding the ﬁber are an indication of the noise
level of the imaging system of the microscope. The contrast of the
image data was increased and the brightness range was adjustedFig. 3. Four successive images of an irradiated nanoﬁber are shown. During prolonged
observation, the ﬁber became thinner and ultimately broke. These images, made
before and just after the ﬁber broke, are from a larger, numbered sequence of images
shown in Supplement 3. Doses were commensurate with those used to observe similar
ﬁbers, described below. The diameter of the ﬁber near the top edge of the ﬁgure was
near 2.5 nm. The lateral spacing of the dark lines was irregular, but near 0.42 nm. The
lower part of the broken ﬁber in panel 8 moved away and disappeared from subse-
quent images.evenly throughout this ﬁgure to emphasize the difference between
the noise in the empty areas and the image features associatedwith
the ﬁber. The above observations were typical.
One end of the PVDF nanoﬁber in Fig. 3 was attached to the
corner of a graphene sheet that was attached to the edge of a hole in
a holey carbon ﬁlm. The ﬁber extended through the surrounding
vacuum, toward the opposite edge of the same hole. Fig. 4a shows a
bright ﬁeld image of this PVDF ﬁber after it was observed at a
constant dose rate of 3 A/cm2. The ﬁber, initially uniform in
diameter, developed thicker and thinner segments during these
observations. The total dose, when the ﬁber broke, was 3500 C/cm2,
based on the known dose rate and the total elapsed time. The dose
prior to Fig. 4a and bwas substantial but not accurately known. The
images from 4c to l show the changes of the ﬁber morphology until
and shortly after the ﬁber broke. Polymer chain-like and network-
like behaviors were observed throughout the irradiation time.
As a ﬁber was irradiated, alternating regions of spindles that
were 10 nm long and thin ﬁbers that were 5 nm in diameter,
developed as shown in panel (c). The spindles became smaller and
the ﬁbers became thinner as the irradiation proceeded, as seen in
panel (i). The diameter of the segments decreased in irregular steps,
at different places along the ﬁber, much as would be expected for
the slow tearing of a knotted net with unequal lengths of thread
between the knots.
A few short rows of 3 or 4 dark dots, separated by 0.25 nm, were
found in the ﬁber image, even after the very intense electron
irradiation, along with many isolated dots. These dark dots, which
are attributed to the presence of ﬂuorine, indicate that some ﬂuo-
rine atoms were still present in this ﬁber even after the radiation
dosewas sufﬁcient to break everymolecule in the ﬁber and thereby
sever the entire ﬁber.
The observed retention of mechanical strength during irradia-
tion is consistent with the formation of a cross-linked network by
creation of radiation-induced chemical bonds. The alternation of
thick and thin segments in the uniformly irradiated ﬁbers suggests
a balance between formation of a network by cross-linking, which
strengthened the ﬁber, and chain scission that allowed polymer-
like chains to retract and thicken other parts of the ﬁber.
The thinnest part of the ﬁber in image (j) is probably one
molecule, and certainly no more than two. Small irregular loops
near the bottom of panels (j) and (k) show a network, apparently
formed when reactive sites created by the electron irradiation
Fig. 4. Images, made by transmission electron microscopy, of a corner of a graphene ﬂake and a segment of a polyvinylidene ﬂuoride nanoﬁber suspended across a hole in a carbon
membrane. The inset to panel (a) shows the Fourier transform of the image intensity of the graphene. The 0.213 nm spacing of lattice planes in the image of graphene, shown more
clearly at higher magniﬁcation in Supplement 4, was used as an internal standard for magniﬁcation calibration. The scale bar in panel (a) applies to all the panels, except j, k, and l, in
the bottom row are magniﬁed by a factor of 1.66. Panel (b) this ﬁber became thinner as it was irradiated for an interval of 18 min, over the entire area shown, at a dose rate of 3 A/
cm2, while the image was monitored visually. Panels (c) to (i) changes in the segment of the ﬁber shown in Fig. 3a were followed as the irradiation continued at the same rate.
Images (c) through (g) were made with 2-s image collection times plus 1-s data readout times at 15-s time intervals. Panels (h)e(l) were made during contiguous 3-s image
collection times, as the last few polymer segments broke. Panels j, k, and l are enlarged in the bottom 3 panels, to show details of the two images preceding the break of the ﬁber and
the ﬁrst image after the break.
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occurred, the darker lines that follow the few unbroken segments of
molecules would be expected to be straighter and more nearly
parallel.
6. Relation of dark dots and rows of dark dots to perfect PVDF
crystals
The black dots that were separated by about 0.25 nm revealed
the paths of molecular chains, particularly when two to ﬁve chains
were superimposed in the view direction as in the yellow boxes
near the edges of the crystal shown in Fig. 1. The dark dots in Fig. 4
are attributed to columns of CF2 groups that are identiﬁed in Fig. 1.
The column axes intersect two or more molecules that are associ-
ated top to bottom, in the polar direction, by the dipolar attractions
between adjacent zigzags.
There is abundant evidence that some ﬂuorine atoms are de-
tached from some of the molecules during irradiation. It is conve-
nient to use the abbreviation CF* as a collective name for the one or
two ﬂuorine atoms that remain attached to the backbone. The dark
dots tend tomaintain registry with the CF* groups attached to every
other carbon atom in the zigzag backbones of several molecules
that are stacked top to bottom. Rows of dots can be followed in the
general direction of the ﬁber axis, for distances of several nano-
meters or more. The CF* groups that were regularly stacked, and
eclipsed each other along the view direction in the perfect crystal to
form a dot, might shift position enough, during irradiation, to
change the appearance of the dot. The detailed image of a dot is also
affected by the different positions of CF* groups in a column, rela-
tive to the focal point of the microscope.
There are many directions in the crystal along which the lattice
points of the ﬂuorine bearing groups in a perfect crystal form col-
umns and eclipse each other. Any such direction that was aligned
with microscope would be expected to show a dark dot. Some dark
dots occur in spindles or in other intensely irradiated areas. SuchFig. 5. Two high-resolution images of a short section of a PVDF nanoﬁber aredots are usually isolated, but rows of three dots occur occasionally.
These possibilities are not discussed further.
Dark lines extending in the general direction of the ﬁber axis of
the nanoﬁber in the right part of Fig. 5 were formed by rows of dark
dots about 0.25 nm apart. The distance along the chain, between
CF2 groups in a PVDF molecule is 0.25 nm. The distance between
the columns of CF2 groups in the beta crystal form of PVDF
described in Fig. 1, is also 0.25 nm. The rows of dots were separated
laterally by distances around 0.42 nm in most areas, but near
0.33 nm in a few areas.
The nanoﬁber at the left hand side of Fig. 5 was ﬁrst observed
after a radiation dose of less than 5 C/cm2. This was the lowest dose,
high magniﬁcation image made of the ﬁber shown at the right. The
dose was orders of magnitude larger than that required to reduce
the intensity of diffraction spots of PVDF crystal to an unobservable
level [29]. This paper shows that many interesting morphological
features of the molecules and crystals remained and were
observable.
A greater length of the same ﬁber is shown on the right in Fig. 5,
after the dose was increased to 245 C/cm2. About 30 other images
were made of the same crystal while this dose accumulated.
Then the image shown on the right in Fig. 5 was obtained as a
part of a series of about 15 one second exposures with incremental
doses of 1.66 C/cm2.
The images contained ﬁne details that changed gradually as the
dose increased. A particular dot was usually identiﬁable in several
successive images, but its shape and darkness varied from image to
image. Occasionally a row of dots moved as if it were a ﬂexible
chain, only loosely constrained by the crystal. The rows of dots
sometimes kinked and the kink moved in a way that preserved its
identity. Enlarged versions of each image are included in a movie
ﬁle of Supplement 5.
The number of dots gradually decreased as the radiation
dose increased, but in Fig. 4 some dots remained after a dose of
3500 C/cm2. Changes in the proﬁle, along the ﬁber, particularly theshown. The image at the left was obtained at a dose of about 5 C/cm2.
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associatedwith changes in the number of side-by-side rows of dots.
The diameter of the nanoﬁber in Fig. 5 varied from about 3 to
about 5 nm along its length. The number (30e50) of polymer
chains, in a thinner cross section of Fig. 5, was about half the
number included in the crystal diagram in Fig. 1.
The image at the right shows more of the ﬁber, after moving the
sample slightly, optimizing the defocus, and making about 50
successive images. This ﬁber had accumulated a total dose of
250 C/cm2. The patterns of dots and lines changed gradually from
image to image.
The space between dots (1: d ¼ 0.24 nm; 2: d ¼ 0.24 nm) and
between lines (3: d¼ 0.33 nm; 4: d¼ 0.42 nm; 5: d¼ 0.43 nm)were
measured from intensity traces near the ﬁve numbered red rect-
angles. An enlarged version of this ﬁber in Supplement 6 shows the
red rectangles and their surroundings in greater detail. Supplement
7 shows details of line proﬁle measurements as a function of po-
sition at numbered red rectangles in Fig. 5.
The slightly magniﬁed inset shows green dots at the crystallo-
graphic positions of the columns of CF2 groups in Fig. 1, and
superimposed images of the dark dots near the red rectangle
labeled 4.
The image on the right is one of a series of ﬁve images that were
made with one second exposure times and incremental doses of
1.66 C/cm2. This image and one that followed after an incremental
dose of 3.33 C/cm2 were used, in Fig. 7, to observe the relative
motion of segments.
The protuberance on the left side of the ﬁber is followed in
successive images in Supplement 8. See Supplement 9 for more on
relative motions of segments.
The lateral separation of the dominant rows of dots, near the
outer surface of the ﬁber was 0.42 nm. This separation distance is
consistent with the view direction of the microscope and the po-
larization direction of the ﬁber being collinear, but there are other
planes with about the same separation for which the polarization
direction is not along the view direction. These are diagonal planes,
which can be identiﬁed in Fig. 1, that intersect the a-axis at a dis-
tance a from the origin, and intersect the b-axis at a distance b from
the origin.
In the region 3 of Fig. 4 the lines were separated by 0.33 nm. In
surrounding regions 4 and 5, the lines were separated by 0.42 or
0.43 nm, close to one-half lattice parameter a. The polarization
directions were not collinear.Fig. 6. The image from the region labeled 1 in Fig. 5 was superimposed on the crystal
diagram of Fig. 1.The hypothesis that two crystal orientations were established
when the ﬁber formed is supported by the fact that such large-scale
realignments of crystals were not observed during these experi-
ments. The conﬁdence with which morphological features
observed during electron irradiation can be extrapolated back to
the nascent morphology is increased. However, the possibility that
the different alignments formed during the radiation remains.
Some kinematical mechanisms that enable optimization of the
piezoelectric properties of PVDF may depend on such morpholog-
ical features.
Two or three side-by-side rows of dark dots were observed on
each side of most of the ﬁber images. The dark rows became more
irregular, disjointed and lost their identity nearer the center of the
image, where the ﬁber was thicker, the level for optimal defocusing
was uncertain, and variations in the columnar alignment of the CF2
groups made the dark dots more diffuse and irregular. Comparison
of the cross section diagram of the cylindrical ﬁber in Fig. 1, with
images such as in Fig. 4, indicate that columns of CF* groups less
than 5 or ten high are associated with the observed rows of dark
dots.
In Fig. 6, the dark dots in the image are at the crystallographic
positions of the columns of CF2 groups described in Fig. 1. The ﬁt is
good in both the direction of the a-axis (vertical on the page) and
the direction of the c axis (horizontal on the page). The in-
tersections of the three yellow dotted lines with the blue dotted
line mark the expected locations of three of the dark dots.
7. Writhing of polymer chains in a PVDF nanoﬁber during
electron irradiation
Examination of successive images, including Fig. 5, made at dose
increments of 1.66 C/cm2, showed that adjacent and nearby rows of
dots moved with respect to each other cooperatively, by small
amounts while the dose was increased. The fact that these ﬁbers
were supported only at their ends allowed more possibilities for
motion of the molecular segments relative to each other than if the
ﬁbers were attached to a supporting substrate along their entire
observed lengths. Relative motions were seen in most nanometer
scale areas of the series of images of which Fig. 5 is part, when the
same magniﬁed area of a short series of the images was presented
forwards and backwards repeatedly at a rate of about one image per
second.
In addition to the motion of rows of dots, nanometer scale
blocks, in which several short parallel rows of dark dots rotated
slightly with respect to their neighbors, were seen in a few suc-
cessive images near region 4 in Fig. 5. Thin wedge-shaped regions
between the blocks changed to enable the motion.
These relative molecular scale motions within the observed ﬁ-
ber segments, including larger scale relative motions that bent the
ﬁber or reshaped its surface, are referred to collectively as
“writhing” motions. The loss of atoms and molecular fragments
from the ﬁber provide a driving force for the writhing motions.
Occasional rigid body translations of an entire image were attrib-
uted to experimental artifacts and ignored.
Prior to the capture of the image in Fig. 5, the irradiation dose
increased from 5 to 245 C/cm2. During the time that the writhing
motions were observed, the shape of the ﬁber also changed. The
projected diameter of the ﬁber, seen in the view direction of the
microscope, increased by a fraction of a nanometer in some places
and decreased elsewhere. The increased diameter of the lower part
of the image in Fig. 5 was attributed to an early stage of the spindle
forming process described in connection with Figs. 2 and 4.
Fig. 7 shows the changes associated with writhing as an addi-
tional dose of 3.3 C/cm2was accumulated, in about 6 s of continuing
observation. Panel A contains the same image as Fig. 5. Note the
Fig. 7. This Figure shows, in panel E, the detailed changes produced by an incremental dose of 3.3 C/cm2. The other panels and the procedure used are described in the text.
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and in panel A of Fig. 7. Photoshop software was used for the
following image manipulations.
Panel B shows the negative of panel A. Panel C is featureless,
showing that the sum of A and its negative cancel exactly.
Panel D shows the same part of the ﬁber as Panel A after the
crystal was irradiated with an incremental dose of 3.3 C/cm2. Panel
E, framed with a black line, is the image produced when the
negative of panel A was added, pixel by pixel, to panel D, which
received the incremental dose. The places in panel E, where the
image was lighter or darker than the almost featureless sur-
rounding background, showed where the writhing motions
changed the image. The protuberance, standing out from the ﬁber
image in A, moved, so that in D, it was parallel to the left edge of the
ﬁber image. Close examination of panel E shows both positions,
with the protuberance light in its A position and dark in its B
position.
The averaged shift of the dark lines associated with rows of CF*
groups, produced by the writhing motions, was judged to be less
than 0.1 nm, for an incremental dose of 3.3 C/cm2.
The averaged shift was estimated in the following way. Panels F,
G, and H were created by adding a horizontal displacement, Dx, to
each pixel in panel A and then subtracting the sum from each pixel
in A. Images are shown for three values of Dx, which are 0.1, 0.2, and
0.3 nm. Comparison of the changes produced by the incremental
radiation, shown in E, and the difference images F, G, and H createdby shifting image A in one direction, suggests that a shift of less
than 0.1 nm created a difference image with about the same in-
tensity as in E.
Other shifts in the patterns of dark lines associated with the
increasing dose are apparent in Fig. 3 and in Fig. 4cek. Larger shifts
were generally found in the images of thinning ﬁbers near where
the intensely irradiated ﬁber ﬁnally broke.
8. Piezoelectric effects
Observation of the onset, at lower radiation doses, of molecular
scale morphology and motions can lead to better understanding of
the motions that are speciﬁc to the observation of macroscopic
piezoelectric phenomena. Such lower dose observations are
feasible in self-supported PVDF nanoﬁbers. Chain scission and
formation of cross links between chains during electron irradiation
are expected to affect the kinematical motions of PVDF molecules
that couple the rotation of the electrical dipoles in an externally
applied electric ﬁeld to mechanical strain along the ﬁber axis.
Molecular dynamics calculations that include the inﬂuence of the
external electric ﬁelds and radiation induced morphological and
chemical changes are likely to be very helpful.
A transverse electric ﬁeld interacting with the permanent dipole
moment of a planar zigzag PVDF molecule tends to rotate and
twist some segments of the molecule. Changes in molecular con-
formations, such as twist around the chain axis, provide
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ﬁeld to change the strain in the axial direction of a ﬁber. The
comparison, of the observations of this paper and models of chain
twist boundaries [24], may lead toward improved models of the
piezoelectric properties of PVDF and its copolymers [29]. A mech-
anism was described [30] (see Fig. 6b of that paper) in which twist
shortens a planar zigzag chain. Pertsev, Vladimirov, and Zembil-
gotov [31] modeled other crystallographic defects that are of in-
terest in this context.
9. Chemical changes caused by electron irradiation
The loss of ﬂuorine atoms from the molecules was indicated by
the detection of traces of ﬂuorine in the mass spectrographic
analysis of the gas in the vacuum chamber of the electron micro-
scope after the high dose required for electron energy loss mea-
surements. See Supplement 1.
The formation of spindles depends on the scission of backbone
bonds in the polymer chains, as does the ultimate breaking of aﬁber.
Theseweaken theﬁber. Chemical bonds that cross-linkedmolecules
and formed networks helped to preserve themechanical strength of
ﬁbers even after large radiation doses. Polymer nanoﬁbers and
molecules that are chemically attached to nanoﬁbers promise to
provide important and new structural insights, particularly into
molecules that contain high atomic number elements.
10. Summary
The following effects were associated with the electron beam
irradiation of PVDF nanoﬁbers:
1. The electron diffraction spots from the crystalline polymer are
known to disappear before the persistent features described
here were recorded.
2. Fluorine was removed slowly from the ﬁber and appeared as a
gas in the vacuum space of the microscope when the radiation
dose was increased in order to observe the electron energy
spectrum of electrons that passed through the nanoﬁbers.
Some dark dots remained attached to the surviving parts of
zigzag chains, even after a segment of a ﬁber was thinned and
broken.
3. Dark dots, attributed to ﬂuorine atoms or groups on zigzag
carbon backbones, collectively labeled as CF* groups, were
separated by 0.25 nm, along lines that marked the paths of
zigzag chains, were observed. Most such lines followed the ﬁ-
ber axis, but the presence of kinks produced some misalign-
ment. Gently curving chains, presumably on the ﬁber surface,
were observed occasionally.
4. The lines of dots that demarcate chains were separated by
distances that were close to the distance between densely
populated crystallographic planes of PVDF crystals.
5. Changes occurred in the relative positions of nearby chain
segments as the radiation dose was increased. Molecular seg-
ments throughout the self-supported ﬁbers writhed in
response to increasing radiation doses.
6. Segments near the chain ends, created occasionally by the
electrons of the microscope, moved toward and became incor-
porated into larger diameter ﬁber segments called spindles.
7. The net transport of segments of molecules, away from the
thinner parts of a ﬁber, was toward growing spindles, which
resulted in the gradual thinning and breaking of the thin seg-
ments and the strengthening of the spindles.
8. Even as the tensile strength of a nanoﬁber was being reduced
by chain scission, the ﬁber was being strengthened by chemical
bonds that formed between adjacent or crossing chains.9. When the diameter of a thinning segment of a ﬁber became so
small that the ﬁber contained fewer than about 20 polymer
chains, further tapering was associated with reductions in the
number of dark lines of smaller, more closely spaced dots in the
image.
10. Small loops, probably parts of a cross-linked network, were
observed when only 3 or 4 chains were holding the ﬁber
together. Some such loops had one taut segment and one slack
segment, as is characteristic of a tearing network.
11. At the doses at which the diffraction spots disappeared, most of
the polymer molecules remained close to their positions in the
unirradiated polymer sample. The irradiated ﬁbers retained
many aspects of their polymer chain properties, including their
tensile strength and their side-by-side position in the nanoﬁber.
Thin segments of such polymer nanoﬁber are candidates for
examination in high-resolution aberration corrected microscopes
[18]. High-resolution electronmicroscopy of polymers, and detailed
observations of chemical changes in molecular structure produced
by high-energy electrons are best pursued together.
Questions that can be addressed by computation emerge from
this work. Dynamic molecular models in which a speciﬁed number
of single molecular chains are severed, can be directly compared
with the spindle forming behavior seen in Figs. 2, 3, and 4. The
effects of increasing concentrations of cross links, or the decreasing
concentration of ﬂuorine atoms on the molecule can be modeled.
The balance, between high-resolution images and diffraction ex-
periments needs to be shifted to lower numbers of electrons
through the sample. Self-supported samples that are small enough
to minimize the production of secondary radiation damage are an
important step in this direction.
11. Radiation benchmarks
Fig. 8 provides a logarithmic scale of radiation doses. Observa-
tion of atoms and bonds in molecular specimens requires a mini-
mum number of electrons to pass through the sample to create a
meaningful image [8,32].
A dose of 0.1 electron per (0.01 nm)2 is clearly not enough to
form an image in which single CF2 groups are resolved, although it
may be more than enough to reduce the intensity of diffraction
spots to an unobservable level if damage from secondary events in
the sample, in shadowing layers, or in support ﬁlms, are included.
Electron radiation doses much larger than those that caused
diffraction spots to disappear (0.001 C/cm2) [29]are needed to
produce high-resolution images.
In this work, dark dots separated by about 0.25 nm were
routinely observed at high magniﬁcation with doses of one or two
C/cm2, which is about 1000 electrons per (0.01 nm)2. The question
of the minimum number of electrons per unit area, required to
image the dots, was not examined.
Although it could have been done, no diffraction spot data were
collected from the self-supported nanoﬁbers, as the interest in the
high resolution images took priority. Diffraction spots from larger
nanoﬁbers were observed [23], and as expected, seen to disappear
quickly at the doses used for high-resolution images.
A benchmark of the following sort is helpful. Imagine a perfect
microscope, in which an electron did not contribute to the image if
the electron encountered a bond with a projected area of 0.01
square nanometer. An electron dose of 1 electron per 0.01 square
nanometer (which is 0.0016 C/cm2) is required to examine every
location that might contain a bond. Most of the images in this paper
were made at doses of around 600 electrons per bond, equivalent
to1.6 C/cm2, using 300 keV electrons in the illuminating beam.
Higher doses were needed for the highest resolution images. Lower
Fig. 8. A diagram for summarizing observed effects of different doses of 300 keV
electrons on polyvinylidene molecules in self supported nanoﬁbers. The diagram
shows the doses used to obtain the images in this paper. The letters along the top line
refer to the notes below. The line with the upward arrows is divided to show the dose
in Coulombs per square centimeter. The line with the downward arrows is marked to
show the dose in the following three units that differ only in their name; electrons per
square Ångstrom, per 0.01 nm2, and per the projected area of a representative
chemical bond.
A 0.0016 C/cm2 Benchmark for a minimal radiation dose, with
only a small fraction of bonds likely to be disrupted, but reso-
lution and image quality are compromised.
B 1.66 C/cm2 The dose received in a 1 s exposure that balanced
image quality, resolution, and tolerable radiation caused modi-
ﬁcations for these PVDF nanoﬁbers.
C 5 C/cm2 The lowest dose image shown in this paper, in the left
part of Fig. 4.
D 250 C/cm2 The diameter of the ﬁber decreased signiﬁcantly.
Molecular chains were cut by radiation caused events and
polymer segments as long as several tens of nanometers accu-
mulated in spindles. This image, in the right part of Fig. 4, and
others obtained shortly before and after, were compared with
the crystal diagram in Fig. 1.
E 330 C/cm2 The total dose used in Fig. 2, which produced many
images and caused the ﬁber to thin and form a large spindle.
F 3500 C/cm2 The total dose used in Fig. 4, which resulted in
thinning and breaking of a nanoﬁber.
Z. Zhong et al. / Polymer 54 (2013) 3745e3756 3755doses minimized the number of chemical bonds that were changed
by the electron beam.
12. Conclusions
The high magniﬁcation images in this paper contain new in-
formation about the evolution of changes in the structural and
chemical changes that occur during intense irradiation. Many of
these changes alter the morphology of the unirradiated polymer.
These changes are of interest in the use of irradiated polymers to
fabricate nanometer-scale features of semiconductor devices, and
to modify electrical, mechanical, structural, self-assembly, or
chemical properties of large molecules, including biological mole-
cules. Structures of molecules that contain one or more high atomic
number elements, perhaps with catalytical activity, can be char-
acterized in new ways.
This paper describes the structures that were observed at high
magniﬁcation with 300 keV electrons that passed through the sam-
ple. Morphological features were related to the structure in the as-
spun nanoﬁbers of PVDF. The general alignment of the segments of
the polymermoleculeswith theﬁbers axiswasmaintained, although
changes in the relative positions of nearby segments, and groups of
segments (writhing) were observed. Rows, of columns in which CF*
groups eclipse each other in the view direction of the electronmicroscope, are separated by distances that are close to the distances
that separate crystallographic planes observed by x-ray and electron
diffraction experiments. The rows of dark dots, with separations of
about 0.25 nm, which marked the directions of the chain segments,
persistedwhilemore than 50 highmagniﬁcation imagesweremade,
and some remained until the ﬁbers were close to breaking. The in-
tensity and the detailed shape of the dark spots varied in ways
consistentwith both the loss ofﬂuorine duringobservation, andwith
small changes in the viewdirection that changed the degree towhich
CF* groups in the columns were eclipsed.
The “end-point” observed as the disappearance of diffraction
spots does not indicate a dramatic change in the overall
morphology of the chains. Diffraction phenomena depend on
maintenance of order over distances of several unit cells. Changes
at one unit cell can affect the positions of several neighboring cells
enough to reduce the intensity of diffraction spots, while only
small, gradual changes occur in the average paths followed as the
molecules thread through the crystals.
The observations of thin nanoﬁbers, which are supported only at
the ends of a segment, introduce other “end-points”. Most dramatic
are the observations of thinning and breaking, which depend on the
changing tensile strength of the irradiated samples. Evidence for
removal of ﬂuorine from the molecules, crosslinking, and images of
writhingmotions that are not constrained bya rigid supportﬁlm are
other “end points” of electron irradiation of polymer molecules.
The observations of self-supported thin nanoﬁbers provide new
information about the relative effects of primary and secondary
radiation. Comparisons of radiation induced morphological
changes in self supported nanoﬁbers, with larger diameter ﬁbers,
with samples supported on layers of polymer and evaporated car-
bon, with samples shadowed with evaporated metal, or with
samples of increasing thickness or lateral extent are expected to
produce information that is useful in the design and construction
and assembly of useful nano scale structures.
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